Correlation consistent and augmented correlation consistent basis sets have been determined for the second row atoms aluminum through argon. The methodology, originally developed for the first row atoms [T. H. Dunning, Jr., J. Chem. Phys. 90, (1989)] is first applied to sulfur. The exponents for the polarization functions (dfgh) are systematically optimized for a correlated wave function (HF+ 1+2). The (sp) correlation functions are taken from the appropriate HF primitive sets; it is shown that these functions differ little from the optimum functions. Basis sets of double zeta [4s3pld], triple zeta [5s4p2dlf], and quadruple zeta [6s5p3d2flg] quality are defined. Each of these sets is then augmented with diffuse functions to better describe electron affinities and other molecular properties: s and p functions were obtained by optimization for the anion HF energy, while an additional polarization function for each symmetry present in the standard set was optimized for the anion HF + I+ 2 energy. The results for sulfur are then used to assist in determining double zeta, triple zeta, and quadruple zeta basis sets for the remainder of the second row of the p block.
I. INTRODUCTION
The two primary and competing criteria for selecting a basis set are accuracy and size: Will a given set suitably describe the system of interest, and will the computations be doable and affordable? The correlation consistent polarized valence (cc-pVXZ, X= { O,r,Q}> basis sets developed by Dunning' (hereafter Paper I) for the first row elements boron through neon and hydrogen emphasize the relationship between these two factors. For atoms, the cc-pVXZ sets provide the lowest possible CISD energies for the given basis set size. Calculations on molecules with these same sets suggest similar convergence patterns-for both energies and other properties (see below). The cc-pVXZ basis sets were extended by Kendall, Dunning, and Harrison2 (Paper II) by augmenting the sets for boron through neon and hydrogen with functions to more accurately describe the long range behavior of the wave functions; the additional functions are critical for an accurate description of electron affinities, polarizabilities, and hydrogen bonding. These sets are identified as augmented correlation consistent polarized valence (aug-cc-pVXZ) basis sets. In the current work we have determined cc-pVXZ and aug-ccpVXZ sets for aluminum through argon for double through quadruple zeta quality.
The quantity of interesting and important chemistry that involves second row atoms is virtually inexhaustible. The interactions of such sulfurous species as SH,, HSO, and SO, in the atmosphere and aqueous solutions are critical to our understanding of acid rain. The reactions of chlorine and chlorine compounds such as ClO, (Ref. 3) have been implicated in ozone depletion, and chlorohydrocarbons such as carbon tetrachloride and trichloroethylene constitute as much as 20% of municipal wastes. Finally, silicon chemistry is of pivotal importance to the semiconductor industry. Also of great fundamental interest is the significant difference in the behavior for sulfur vs oxygen and phosphorous vs nitrogen, i.e., the manner in which the straightforward bonding behavior of the first row blossoms into hypervalency in the second row.
Correlation consistent basis sets explicitly recognize that basis functions which make correlation energy contributions of similar size should all be added together. This is in distinct contrast to the piecemeal approach traditionally used, but is consistent with the procedure adopted by Taylor and AmloP in constructing AN0 sets (see also Widmark et al') . In the case of the first row atoms (Paper I), the double zeta sets (cc-pVDZ) were formed by adding a set of primitive (spd) functions to the atomic HartreeFock orbitals. The exponents for the correlation functions were determined from correlated calculations on the atoms, specifically for a Hartree-Fock plus single and double excitations (CISD) wave function. However, for the final sets the (sp) correlation functions were obtained by uncontracting the most diffuse s and p function from an appropriate HF set since these functions were demonstrated to be close to the optimal s and p functions. The triple zeta (cc-pVTZ) and quadruple zeta (cc-pVQZ) sets, respectively, were obtained by adding to the atomic HartreeFock orbitals sets of (2dlf) and (3d2flg) polarization functions plus sets of uncontracted (2~2~) and (3~3~) primitives from the appropriate HF (sp) sets. Calculations using the first row sets have begun to accumulate in the literature and have demonstrated their usefulness relative to more established basis sets. Feller6 has recently performed a systematic study of the water dimer. Del Bene, Aue, and Shavitt' have considered a series of hydrocarbons and carbocations, and Del Bene' has examined hydrogen bonding between HF and both HCN and CHsCN. Werner and Knowles' used the polarization functions from Paper I to investigate the potential energy function and dissociation energy of N2. Similar usages of vari-ous functions have been performed by Glenewinkel-Meyer et al. lo for AlF+ and by Brommer et al. 'I for CO: . Finally, a comprehensive series of benchmark calculations for the first row AH, AZ, and AB diatomic molecules will appear shortly. l2
Second row atoms require inherently larger basis sets than their first row counterparts. Not only are there eight more electrons to be described by the Hartree-Fock wave function, but the ls%@2p6 core orbitals lie at much lower energies than the 12 core orbitals of the first row. To obtain comparable accuracy, more gaussian primitives are required in the atomic orbital expansions. Fortunately, general contraction methodology13 significantly reduces the cost of using large sets of primitive GTOs by efficiently organizing the computation of integrals over the contracted sets. Although the task of computing and storing integrals and the size of the HF problem are both larger for molecules involving second row atoms, computing correlated wave functions is only marginally more difficult if only the valence electrons are correlated. For most of the atomic and molecular properties of interest to chemists, this is sufficient.
It is well known that valence electron correlation is larger for second row atoms than for the first row. This is evident in the current work. Another preliminary observation is that convergence of valence electron correlation is slightly faster for second row atoms than for first row atoms. This will be examined by comparing very large sulfur and oxygen polarization function sets up to quintuple zeta quality (cc-pV5Z) .
Section II of this paper focuses on sulfur in much the same way that Paper I concentrated on oxygen. The emphasis will be on the details of the procedure for developing the cc-pVXZ and aug-cc-pVXZ sets and will include a comparison of the trends in the first and second rows. Section III presents the basis sets for aluminum through argon. Conclusions are presented in Sec. IV.
II. cc-pVXZ AND aug-cc-pVXZ BASIS SETS FOR SULFUR
To begin, HF primitive sets ranging from (12s) to (22s) and from (7~) to ( 15~) were determinedi for each of the second row atoms, aluminum through argon. This allows full flexibility in the eventual choice of (sp) sets for describing the HF wave function and (sp) correlation effects. A set such as (22s13p) is close to the HF limit: Er&22r13p) = -397.504 84 hartree and EHF( numerical) = -397.504 90 hartree.15 The general contraction method of Raffenetti13 was used where possible to minimize the cost of computing integrals.
A proper description of the sulfur 3P ground state requires that the degenerate 3?3p3p,,3ps 3?3p,3p;3pn and 3.?3px3p,,3pz configurations be symmetry equivalent. To accomplish this the HF calculations were based on the average of these configurations, and the singles and doubles configuration interaction (CISD) calculation included single and double excitations of the six valence electrons from all three configurations (the core was frozen in all CISD calculations reported for this work).
All calculations were performed using the programs suites MOLPRO~~ and MELDF.~' The bulk of the exponent optimizations were carried out with MELDF, but MOLPRO was used for some setup work and, in particular, for its ability to handle h functions.
Only the appropriate spherical harmonic components of the polarization functions were included in the calculations. This substantially reduces the cost of computing the wave functions, especially for basis sets containing g and h functions. It also helps to minimize possible linear dependence problems which may arise when using the Cartesian forms.
A. Polarization functions for sulfur As in Paper I, optimum sets of polarization functions were determined first. An accurate HF set of (22~13~) primitive functions was contracted to [7s6p] and used as the "base" (sp) set, Various sets of polarization functions were determined by optimizing the even tempered variables, a and fi, for the CISD energy, EHF+ 1+2, with the exponents given by ~s=afij-'; i= 1 to Nk;
where I designates the symmetry and Nk the length of the expansion. All polarization functions were added as uncontracted primitives. The various series of 3d functions (for Nk from 1 through 8) were added first and the optimum (a#)'~ computed. The (5d) set was then added to the [7s6p] set to form a new "base" (spd) set; series of 4f functions were added to this set and the (a&')'s optimized. Then, starting with the [7s6p5d4f] set, series of 5g functions were added and optimized. Finally, the contribution of the first 6h function was determined, for this calculation the [7s6p4d3 f 2g] setI was chosen as the base set.
The incremental energy lowering, AE,,,,, is the energy gained either by adding the first function of a higher angular symmetry to its base set AE,,,,=AE~,I-~=EcIsD 
or by extending the even tempered set for a given symmetry by one function
AE,,,, is a measure of the importance of each correlation function. The calculated incremental energy lowerings (in millihartrees) are given in Table I for the addition of the following sets of polarization functions: (Id) through (8d), (If) through (5f), (lg) through (3g), and (lh). These data are plotted in Fig. 1 .
As a preface to discussing the behavior of the sulfur polarization functions, we note that there are two distinct topics of interest. First, and of primary significance, are the dominant contributions to EC,,, made by the first several functions of each symmetry. The three or four exponent sets usually account for over 99% of the net correlation energy which can be obtained by the polarization functions. Of secondary importance is the convergence behavior of the large sets of 3d and 4f functions. They lack the TABLE I. Total energies, correlation energies, and incremental correlation energies for polarization functions added to sulfur. Total energy (E ur+,+z) is given in hat-trees; correlation energy (E,,,) and incremental correlation energies for sulfur [A&,,(S)] and oxygen [A&,(O) 
Number of Functions (mh), are plotted against the number of functions in the well tempered expansions for 3d, 4f, 5g, and 6h functions. The dashed lines correspond to analytic fits to the first three points of the d, f, and g series.
well behaved regularity observed in oxygen. The larger sets provide a means of estimating the accuracy of each ccpVXZ set. Although strictly geometric behavior is not critical to making that evaluation, it does facilitate obtaining an estimate of the complete basis set limit (i.e., EC,,, for Nk= to >. Some effort was devoted to finding an explanation for the apparently nonexponential decay of AE,,,,(iV~). However, this is not crucial to defining sets from double through quadruple zeta quality.
The incremental energy lowerings for the first three functions in the 3d, 4f, and 5g sets exhibit nearly geometric behavior; i.e., they are well represented by AE= --A/B'-'.
The dashed lines appearing in Fig. 1 represent least-squares fits to the first three points only. The parameters from the geometric fits are given in Table II , with oxygen results from Paper I included for comparison. Although the corresponding contributions for sulfur are inherently larger (i.e., A is consistently larger), the series for each symmetry converges more rapidly (i.e., B is also consistently larger).
Another way to plot the data is illustrated in Fig. 2 , where the energy lowerings are now grouped as the first, second, and third function set of each angular symmetry. Again, the trends are approximately geometric and can be represented by BE= -C/Dlm2, where 1 is the angular momentum. Table III contains the values of C and D for both sulfur and oxygen. A comparison of the corresponding D parameters indicates that the relative importance of higher symmetry functions is essentially the same for sulfur and oxygen. At the same time, although the first function of each symmetry makes a larger contribution for sulfur than oxygen, the second and third functions make smaller contributions.
These two trends-(i)
faster convergence within a given symmetry and (ii) the same convergence rate across symmetries-indicate that valence correlation effects are actually easier to describe for second row atoms than for first row atoms, in spite of the fact that the absolute numbers are somewhat larger for the second row. The only exception to this trend is the first function of each angular symmetry.
The grouping of polarization functions into correlation consistent sets-all of whose members contribute approximately equally to the correlation energy-is not as straightforward for sulfur as for oxygen and the other first row atoms. This can be seen in Fig. 3 , where the functions are grouped into the same sets used for the first row. Specifically, the double zeta (VDZ) set includes only the ( Id) set, triple zeta (VTZ) includes (2dlf), and quadruple zeta (VQZ) includes (3d2flg); the quintuple zeta quality set (V5Z) is composed of (4d3f2glh). For oxygen the calculated AEcOrr's for each of the functions in a correlation consistent set" are nearly equal with a tendency for AE,,,, to increase slightly with angular momentum within a given set. For sulfur, on the other hand, AE,,,, has a much more pronounced tendency to increase with increasing angular momentum. However, the separations between the (Id), (2dlf), (3d2flg), and (4d3f2glh) sets, which are quite distinct for oxygen, are nonetheless evident for sulfur, with the single exception of the ( lh) contribution in the V5Z set and the (3d) contribution in the VQZ set. Figure 3 also demonstrates visually that all of the AE,,,, contributions for sulfur are smaller than the corresponding lowerings in oxygen, except for the contribution from the new symmetry function which appears in the set. The one errant point in Fig. 3 is AE,,,, for (4d) in the V5Z sulfur set. This coincides with the onset of nonexponential behavior in the 3d series (see Fig. 1 ). The energy lowerings from the (4d) through (8d) and from (4f) through (5f) are consistent with a secondary regime of exponential behavior which decays much more slowly.
A detailed examination of the exponents in the (3d) and (4d) sets provides some insight into the change in behavior observed at this point. As seen below, the exponents of the functions included in the (4d) set are essentially just a superset of the exponents in the (3d) set, The only significant difference between the two sets is the presence of the large fourth exponent (c=3.152) in the (4d) set. This new function accounts for a correlation contribution which is not competitive until the outer valence region is saturated by the first three functions. Two possibilities are suggested for the role of the new function: correlation of the inner portion of the main peak of the radial charge distribution of the valence electrons, or correlation of one of the secondary peaks, namely, the one which occurs in the region dominated by the 2s and 2p orbitals. It should be kept in mind that the incremental correlation energy is small [i.e., AE,,,,(4d) < 0.5 mhartree]; the explanation could well involve another minor element of the orbital structure of the atom.
For all sets of s and p correlation functions, save the (2s) set, we found two minima which lead to comparable energy lowerings, AE,,,. In the following discussion we will refer to the sets corresponding to these minima as "low" and "high" SetS Since ah&h= 3aiow, while Phi& +&,,.
All in all, it seems reasonable to select polarization functions for the cc-pVXZ sets for sulfur in the manner previously adopted for oxygen; the contributions are nearly as well behaved for sulfur as for oxygen. Using the sum of all calculated contributions over each symmetry type as an estimate of the CISD limit for that type, a VDZ set recovers 84% of the valence 3d correlation energy; the VTZ set recovers 98.7% of the 3d limit and 87.1% of the 4f correlation; and the VQZ set recovers 99.0%, 98.1%, and 83.6% of, respectively, the 3d, 4f, and 5g contributions to the correlation energy. We can gauge our overall success at recovering the total polarization function correlation energy at each level of basis quality by estimating the CISD limit. An approximate lower bound, found by adding all of the calculated numbers, is -125.5 mhartree. The VDZ, VTZ, and VQZ sets recover, respectively, 63%, 90%, and 97% of that value. These numbers are slightly better than those determined for oxygen (58%, 86%, and 95%).
(s&Functions for sulfur
The next phase of the sulfur basis development involved the determination of (sp) correlation functions. As in Paper I, we expected that the most diffuse functions belonging to selected HF basis sets could be broken out as primitive functions in order to avoid the cost of including specifically optimized (sp) functions. Explicit determination of the optimal (sp) functions for describing electron correlation in sulfur was the first step toward making the appropriate selection of HF primitive sets for the second row; this served to identify the most-likely candidates. In the present work we suggest a refinement over the criteria used in Paper I which allows a better comparison between errors in the HF and correlation energies with respect to their respective complete basis set limits. provide several perspectives on the nature of this orbital and its behavior as a function of cis The coefficients of the Is, 2s, and 3s atomic orbitals and the ( 1s) correlating function for the 4sNo orbital are plotted in Fig. 4(b) . The large coefficients in 4sNo are indicative of near linear dependence in the basis set; as can be seen, the problem occurs close to the nodal exponent, ci,=O.262. orbital has two notable features: it possesses more than the minimum four peaks, another indicator of near linear dependence, and the bulk of its charge has been forced out toward large values of Y. The NOs for the optimal exponents, <i,=O.163 and 0.490, actually bear a strong resemblance to each other. Both have pronounced peaks which bracket the principle peak in the 3s orbital, with the outer loop having the larger area. The resemblance of the 4sNo (~,,=0.163) and 4sNo(cls =0.490) orbitals is consistent with the fact that both yield similar values for AE,,, The 4sNo( {i,=O.262) orbital, on the other hand, is constructed from a primitive function which bears a strong resemblance to the 3s orbital and, thus, is not effective in correlating the 3s orbital. The 1s series was exam-
The implications of the above explanation for the multiple minima observed in sulfur are twofold. First, oxygen would also be expected to possess multiple minima. Second, minima and maxima should be observed at large values of the exponent if the valence orbitals possess inner loops due to orthogonality to inner shell orbitals. Both of these phenomena do, in fact, occur. There are other minima on the oxygen surfaces for (1s) correlation of the electrons in the 2s orbital and ( lp) correlation of the electrons in the 2p orbital. The second minimum AE,,,, values, however, are not comparable with those of the first (published) minimum values (the first two sulfur minima are very comparable). For the sulfur 3s correlation with a single 1s [A&,,(O)] are given in millihartreis. 
( 1'
. . . exponent, a third, shallow minimum falls at 6=4.5, after a from the geometric trends of the first three points in a second near node at c= 3.0. The second near node is due to manner parallel to that described previously for polarizanear linear dependence of the added function with the 2s tion functions. This deviation was observed in oxygen (Paloop of the 3s atomic orbital.
per I), but only for the (4s) set. We have chosen to use the low exponent (sp) sets for molecular calculations. Although the above discussion demonstrates that the choice of the optimum s exponents is complex, the more diffuse exponent sets are expected to offer a better description of the interatomic regions of molecules and thus are preferable for use in molecular calculations.
Table IV also includes results for combined (sp) sets (using the low exponent 1s and 2p sets only). As observed in oxygen, there is substantial coupling between the (sp) correlation functions. The sum of AE,,,, for the (Is) and (lp) sets is, for example, substantially greater than that of the combined ( lslp) set; the ( 1s) calculation included four unoptimized p correlation functions, and the ( lp) calculation likewise includes four unoptimized s functions. The discrepancy is negligible for (4s) and (4~) vs (4~4~).
Following the methodology outlined in Paper I, we next considered replacing the optimal (sp) functions with exponents belonging to the HF (sp) sets [i.e., by duplicating functions contained in an appropriate atomic HF (mmp) sets]. This minimizes computational costs without seriously compromising the description of (sp) correlation. For oxygen and the other first row atoms, functions from smaller HF sets better approximated the optimal (lslp) correlation functions than did functions from larger HF sets. As the size of the correlation set increased from double to quadruple zeta, the size of the HF sets containing exponents which best matched the optimum (sp) correlation sets also increased. Thus, as the basis set quality was improved, both the HF and correlation energies converged toward, respectively, the HF and CISD limits. Figure 5 depicts the energetic trends for the low series of s, p, and combined (sp) sets. The larger sets deviate In Paper I, errors in the totaZ HF energy (with respect to the HF limit) were compared to errors in the valence CISD correlation energy (with respect to the CISD limit). It would be more consistent to compare errors on equivalent terms. In the present work, we consider only the error in the HF energy due to changes in the description of the 3s and 3p orbitals, a valence-only error. Two types of calculations are made.
( 1) As in Paper I, the error in the CISD energy is found by replacing the optimal exponents with exponents chosen from various HF (ns) or (mp) sets. The CISD limit is approximated by using the largest correlation set determined. In the s case, (20s13p3d2f lg) was contracted to [3s7p3d2flg], the same base set used in the initial (sp) optimization. The limiting value is then taken to be the base set plus the optimized (5s) function group. Thep case is handled in a similar manner.
(2) The error in the HF energy due to the incomplete description of the 3s atomic orbital is computed by using large sets for the Is, 2s, and 2p core orbitals; the selected (ns) primitive set was only used to describe the 3s orbital.
The HF limit was taken as the energy of the (2Os13p)/ [3s2p] contraction. The error in describing the 2p function is determined in analogous fashion. The actual HF sets chosen will eventually be used to describe all of the HF orbitals, but the error due to the inadequate description of the core orbitals confuses the comparison of the relative HF and CISD errors. At the same time, the core energies (and errors therein) generally cancel (or are assumed to cancel) in quantities involving energy differences.
Table V presents the errors in the valence correlation energy with respect to the (5s) or (5~) limit resulting from using various exponents from a selection of HF (sp) sets to approximate the optimized ( 1s) through (3s) and ( lp) through (3~) function groups. The errors in the optimal sets are also included. It is best to choose primitive sets for which the HF error is consistently less than the CISD error, at least in a valence-only sense, since we expect the HF energy to converge far more rapidly with basis set than the correlation energy. Another observation pertains to the irregular convergence observed for the HF error. This irregularity arises from the fact that larger basis sets necessarily lower the total energy but do not guarantee that the vaIence HF en--ergy will be described more accurately. For example, the ( 12s) through (14s) sets possess nearly identical errors for the HF energy, but this error is only a measure of the accuracy of the 3s orbital. The correlation error changes very little as well, indicating that the distribution of functions in the valence region is not changing greatly. The improvement in total energy for these sets is a result of improvements in the description of the 1s and/or 2s orbitals, not in the 3s orbital. The following HF sets were selected using the information in Figs. 6 and 7. For s sets the ( 12s), ( 15s), and ( L6.s) sets are recommended for use as, respectively, contracted sets [4s], [%I, and [Ss] . Although the (1%) set contains exponents which are close to both the (2s) and (3s) correlation sets, we recommend using the (16s) HF set for representing the (3s) correlation set because the error in the HF energy should be also be reduced as the basis quality is improved. The ( 15s) set is clearly the best for representing the (2s) correlation set.
For the p space, the recommended sets are (8p)/[3p], (9p)/[4p], and ( 1 lp)/[5p]. The first two of these are clear choices in the sense of minimizing the correlation error. Although the (12~) set provides a somewhat lower correlation energy, we recommend use of the (11~) set because of its smaller E&e.
As in the first row, the first group of functions to be &dded (to form the DZ quality set) is ( lslpld). Even though the optimal (sp) correlation energy contribution from the (lslp) functions ( -28.9 mhartree) is much less' than the (Id) contribution ( -78.7 mhartree), we believe that it is important to include (sp) correlation at all levels of basis quality. It is also consistent with the trend observed for the polarization functions in Fig. 3 (the decreasing importance of functions of smaller I). Finally, the total energy convergence is better behaved if ( lslp) correlation is included at the DZ level. The cc-pVDZ set for sulfur is therefore (12~8pld)/[4~3pld]; the cc-pVTZ set is (15~9p2dlf)/[5~4p2dlf]; and the cc-pVQZ set is ( 16~1 lp3d2flg)/[6s5p3d2flg].
C. Diffuse functions for the augmented basis sets for sulfur Paper II introduced the methodology for extending the correlation consistent sets for the first row atoms to provide a better description of the corresponding anions. An optimal set of diffuse functions greatly improved the electroh affinities for the first row. Diffuse functions are also important for accurate description of molecular properties such as multipole moments and polarizabilities. The augcc-pVXZ sets for the first row have also been demonstrated to be appropriate for describing weak intermolecular intera&&s such-as the water dimer5 and ion-molecule interactions such as H-(H,O) n and F-(H,O) n.21
As shown by Kendall et al. ,2 the selection of augmenting functions is straightforward. An extra s and p function is added to each cc-pVXZ set and optimized for the HF energy of the sulfur anion, a 2P state. An extra polarization function is then added for each symmetry present in the cc-pVXZ set and the exponent optimized for the HF+ 1 + 2 energy of the anion. The aug-cc-pVDZ set is theEfore (13s9p2d)/[5~4~2d], the aug-cc-pVTZ set is (16slOp3d2f)/[6s5p3d2f], and the aug-cc-pVQZ set is
Although there is little interaction between the s and p exponents, their values were optimized simultaneously. This was also done when multiple polarization functions were present. Table VII provides a breakdown of the improvements in the computed electron affinity (EA) of sulfur,
as the augmenting functions are added one at a time (although the optimizations were not done this way). The incremental changes (AEA) clearly show that the largest improvement in the electron affinity of sulfur is due to the addition of the diffuse p function: VDZ (0.699 eV), VTZ (0.268 eV), and VQZ (0.119 eV). This is expected since the "extra" electron in the anion occupies a p orbital. The differences between the electron affinities for the aug- mented and nonaugmented sets also decreases as the quality of the basis set increases. The differences are VDZ (0.943 eV), VTZ (0.375 eV), and VQZ (0.169 eV). Figure  8 depicts the EA of sulfur as a function of basis quality using the standard cc-pVXZ sets, these sets plus the diffuse (sp) functions only, and the full aug-cc-pVXZ sets. As expected, the variation in the computed EAs is substantially less for the augmented sets than for the standard sets.
The most accurate value of the EA of sulfur obtained from the present HF+ 1+2 calculations (EA= 1.779 eV) is still in error by 0.298 eV; this error is comparable to the corresponding error in the oxygen atom (0.401 eV). Accurate computation of electron affinities is acknowledged as a difficult task requiring large multireference configuration interaction (MRCI) calculations (see Paper II and references therein). 'As we will demonstrate elsewhere,22 these-sets do provide accurate electron-affinities when used in MRCI calculations using extended complete active space &AS) cyave functions. ~_ L 'J'.
. .
I .,-III. CORRELATl&i CONSlSTEbiT BASIS SETS FOR ALUMINUMS YHROUGH ARGON
The procedure used to develop basis sets for sulfur was adapted to generate cc-pVXZ and aug-cc-pVXZ sets for the other five elements in the p block of the second row. The following three steps were carried out.
( 1) Polarization function series up to (3d2flg) were optimized for each atom in the following sequence: ( Id), (2&, (3&,,,(3dlf) , (3d2f), and (3dWg). The (3-g) setswere taken to be even tempered expansions since the work reported previously (Paper I) found that explicit optimization of the (3d) exponents had little effect on the computed energies. The exponents of the polarization functions and corresponding incremental lowerings of the HF+ 1+2 energy are listed in Table VIII. TABLE VIII . Optimized polarization exponents, correlation energies, and correlation energy lowerings for second row atoms aluminum through argon. Total energies (EHF and E HF+1+2) are given in hartrees; the correlation energies (E,,,) and correlation energy lowerings (A&,,) The consistency of the polarization functions for describing correlation effects in aluminum through argon can be seen in Fig. 9 . The incremental correlation energy lowerings reported in Table VIII have been normalized by dividing by the total polarization function correlation energy of (3d2f lg), i.e., the values have been converted into the fractional contributions each new function makes toward the total. This figure is analogous to bArgon exponents are linearly extrapolated from exponents optimized for sulfur and chlorine.
than for the first row, but the distinctions between groups can still be drawn fairly cleanly. The correlation consistent groupings for polarizations functions for the second row are the same as those determined for the first row: the cc-pVDZ sets includes the (Id) set only, the cc-pVTZ sets include (2&f), and the cc-pVQZ sets use (3d2flg). (2) The appropriate HF (sp) sets were calculated for each of the atoms aluminum through argon, and selected s and p functions from these sets were added to the atomic orbitals to describe correlation effects following the pattern found in sulfur. Thus for the cc-pVDZ set, the most diffuse s and p exponents of the ( 12s) and (8~) HF sets are added to the Is, 2s, 3s, and 2p atomic orbitals; for the cc-pVTZ set, the first and third most diffuse s and p exponents of the ( 15s) and (9~) sets are used; and for the cc-pVQZ set, the three most diffuse exponents from the ( 16s) and ( 1 lp) sets are added. Table IX lists the correlation energy contributions from (sp) and polarization functions23 for aluminum through argon for each of the basis sets. In this context, WO,, refers to the change in correlation energy due expanding to the next largest set. In general, (sp) correlation is much less important for the second row than for the first row. This is particularly true for phosphorus through argon, where the (sp) contributions tend to be a factor of 2 to 15 times smaller than the (dfg) contributions. This factor tends to increase with overall basis quality, so that (sp) correlation is a minor component of the incremental correlation energy at the cc-pVQZ level. Aluminum is exceptional: (sp) correlation is actually slightly larger than the polarization contributions for the cc-pVDZ and ccpVQZ sets. Figure 10 depicts the fraction of the total correlation energy recovered by each of the basis sets for all of the p block atoms. With increasing atomic number, increasingly larger sets are necessary to account for the electron correlation energy. Functions of higher angular momentum become increasingly important as the number of 3p electrons increases (see also Fig. 10 ). For sulfur through argon, nearly 10% of the total correlation energy recovered by the cc-pVQZ basis set is a result of adding the first 5g, the second 4f, and the third 3d function. The cc-pVDZ set for aluminum recovers nearly 90% of the total correlation energy obtained with the cc-pVQZ set, but the same quality set for argon recovers only 62% of the total correlation energy.
(3) Augmenting functions for the remainder of the second row (with the exception of argon) were optimized in the same manner used for sulfur. The exponents of these functions are listed in Table X along with the correlated (HF+ 1+2) energies of the anions and atoms and the predicted EAs. Ar-is not bound, so augmenting functions could not be explicitly optimized. Table XI includes exponents for argon obtained by linear extrapolation from the values for S and C1.24
IV. CONCLUSIONS
In this work we have extended the correlation consistent methodology of basis set development to include the second row atoms, aluminum through argon.25 The trends observed for the first row are almost as well defined for second row. The availability of sets which exhibit systematic convergence toward the complete basis set will be most useful in making definitive conclusions about the errors intrinsic to the various theoretical methods widely used in J. Chem. Phys., Vol. 98, No. 2, 15 January 1993
